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Abstract
The crystal structure of the sobemovirus Ryegrass mottle virus (RGMoV) has been determined at 2.9 Å resolution. The coat protein has a
canonical jellyroll β-sandwich fold. In comparison to other sobemoviruses the RGMoV coat protein is missing several residues in two of the loop
regions. The first loop contributes to contacts between subunits around the quasi-threefold symmetry axis. The altered contact interface results in
tilting of the subunits towards the quasi-threefold axis. The assembly of the T=3 capsid of sobemoviruses is controlled by the N-termini of C
subunits forming a so-called β-annulus. The other loop that is smaller in the RGMoV structure contains a helix that participates in stabilization of
the β-annulus in other sobemoviruses. The loss of interaction between the RGMoV loop and the β-annulus has been compensated for by
additional interactions between the N-terminal arms. As a consequence of these differences, the diameter of the RGMoV particle is 8 Å smaller
than that of the other sobemoviruses.
The interactions of coat proteins in sobemovirus capsids involve calcium ions. Depletion of calcium ions results in particle swelling, which is
considered a first step in disassembly. We could not identify any density for metal ions in the proximity of the conserved residues normally
involved in calcium binding, but the RGMoV structure does not show any signs of swelling. A likely reason is the low pH (3.0) of the
crystallization buffer in which the groups interacting with the calcium ions are not charged.
© 2007 Elsevier Inc. All rights reserved.Keywords: Ryegrass mottle virus; Sobemovirus; Virus structure; Virus assemblyIntroduction
Ryegrass mottle virus (RGMoV), a member of the Sobe-
movirus genus, infects Italian ryegrass (Lolium multiflorum)
and cocksfoot (Dactylis glomerata). It is distributed in Japan.
RGMoV is a nonenveloped spherical virus with a diameter of
about 290 Å.
The genome of RGMoV is a single-stranded, positive-sense,
nonpolyadenylated RNA with a covalently linked 5′ VPg
protein, which may serve as a replication primer (Zhang et al.,
2001). The replication is carried out by a virus-encoded RNA-
dependent RNA polymerase (RdRP). During replication full
size copies of genomic RNA are created together with
subgenomic RNAs corresponding to the 3′ part of the genome.
The RGMoV genome contains four open reading frames⁎ Corresponding author. Fax: +46 18 536971.
E-mail address: kaspars@xray.bmc.uu.se (K. Tars).
0042-6822/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2007.07.028(ORFs). ORF1 encodes protein P1, which is possibly involved
in virus movement within the infected plant. RGMoV
polyproteins are encoded by two overlapping ORF2a and
ORF2b. The ORF2a codes for a sobemovirus 3C-like protease
and VPg, whereas ORF2b gene product contains the RNA-
dependent RNA polymerase (Balke et al., 2007; Meier and
Truve, 2007). The coat protein is expressed from the 3′
proximal ORF3.
The crystal structure of several members of the Sobemovirus
genus has been determined: Southern cowpea mosaic virus
(SCPMV, previously known as Southern bean mosaic virus,
cowpea strain) (Abad-Zapatero et al., 1980), Sesbania mosaic
virus (SeMV) (Bhuvaneshwari et al., 1995), Rice yellow mottle
virus (RYMV) (Qu et al., 2000) and Cocksfoot mottle virus
(CfMV) (Tars et al., 2003). The structure is also known for
Tobacco necrosis virus (TNV), which belongs to the genus
Necrovirus, assigned to the Tombusviridae family, but has a
coat protein of remarkable similarity to those of sobemoviruses
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Tombusviridae family because the gene order and the properties
of the nonstructural proteins are distinctly different (Tamm and
Truve, 2000).
Sobemoviruses have a capsid arrangement with icosahedral
T=3 quasi-symmetry in which the 60 icosahedral asymmetric
units consist of three chemically identical copies of the coat
protein, which are designated A, B and C. Five A subunits form
pentamers around the icosahedral fivefold axis and three of each
of the B and C subunits assemble into hexamers around the
threefold axis. The pentamers and hexamers differ significantly
in shape—hexamers being generally planar and pentamers
substantially bent. The hexamer/pentamer combination on the
virus surface gives the particle its characteristic shape of a
rhombic triacontahedron. The N-terminal part (called the N-
terminal arm) of the C subunit of the coat protein plays a crucialFig. 1. Overview of the RGMoV capsid structure. Rainbow colored (N-terminus blue→
viewed from the inside of the particle. Nomenclature for α-helices and β strands an
elements are shown. (c) β-annulus formed by the three N-termini of the RGMoV C su
unit of RGMoV with marked position of putative Ca2+ binding site between A and
between the RGMoVA (orange carbon atoms) and B (blue carbon atoms) subunits
labelled according to the RGMoV numbering. The C-terminal Gln 235, the carboxyl g
not shown in the picture. The dashed circle indicates the putative calcium ion position
3σ. No density for an ion was observed. (f) The electron density of putative RNA ba
maps around the cytosine dinucleotide (blue) and the protein subunit (green) were crole in determining the capsid size. The N-terminal arm of the C
subunit is partly ordered and inserted between the interacting
sides of the subunits, making the contacts around the
icosahedral twofold axis flat. The N-terminal arms are
completely disordered in the A and B subunits. The contacts
of the A and B subunits around the quasi-twofold axis lack the
inserted arms and are bent. The flat or bent type of contact
between the subunits is thus caused by the presence or absence
of an ordered N-terminal arm. The removal of the N-terminal
arm by proteolytic cleavage (Rossmann et al., 1983) or by
genetic engineering methods (Lokesh et al., 2002) results in
formation of T=1 particles, where all the contacts between
subunits are bent. In this manner, the N-terminus acts as a
molecular switch, controlling the angles of the subunit contacts,
which in turn control the curvature of the particle and allow
successful assembly of the T=3 capsid.C-terminus red) ribbon diagram of the RGMoV (a) and SeMV (b) C subunit as
d numbers of the residues at the beginning and end of the secondary structure
bunits (shown in different shades of green). (d) Cartoon model of the asymmetric
B subunits and a putative RNA density in the B subunit. (e) Ca2+ binding site
. The residues involved in calcium ion binding in the other sobemoviruses are
roup of which is involved in the calcium binding, lies above the view plane and is
as observed in other sobemoviruses. The electron density map was contoured at
ses stacked to the side chain of tyrosine 115 of the RGMoV B subunit. Both the
ontoured at 2σ.
Table 1
Sequence similarity and structural similarity in the coat proteins of
sobemoviruses and TNV
RGMoV SeMV SCPMV RYMV CfMV TNV
RGMoV – 22 21 21 12 20
SeMV 1.8/87 – 63 20 17 27
SCPMV 1.8/86 0.6/100 – 23 19 24
RYMV 1.9/82 1.4/88 1.4/88 – 30 15
CfMV 1.8/79 1.4/87 1.4/87 1.4/97 – 21
TNV 1.4/86 1.4/97 1.4/97 1.5/86 1.5/87 –
Top right: percentage identity between the respective virus coat protein
sequences. Gaps were ignored in the calculation. Bottom left: rms deviations (Å)
of superimposed Cα atoms of the respective 3D structures. The second number
indicates the percentage of available amino acid residues used for the
calculations. The icosahedral asymmetric unit consisting of subunits A, B and
C was used as a rigid body in all cases. The program O (Jones et al., 1990) was
used for superposition of the molecules. The cutoff for inclusion of residues for
the RMSD calculation was 3.8 Å.
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RGMoV interact in an antiparallel manner with the N-terminal
arms of the threefold related C subunits. This arrangement of the
N-terminal arms of the C subunits was initially observed in
Tomato bushy stunt virus (TBSV) (Harrison et al., 1978) and
was named β-annulus. The nomenclature was adopted for
sobemoviruses as well, in spite of the β-annulus having more
the shape of a three-point star than of a ring (Fig. 1c).
The ordered N-termini of the C subunits of the sobemo-
viruses have been found to be arranged in two different ways. In
SCPMV, SeMV, and TNV, the N-terminus folded back along the
core of the C subunit and interacting with the subunits directly
related by the threefold symmetry axis. In CfMV and RYMV,
the N-terminal arm passes close to the icosahedral twofold axis
toward the threefold icosahedral axis not directly adjacent to the
core C subunit. Whichever the orientation of the N-terminus of
C subunit is, it fulfils equivalent functions in particle size
determination.
The coat protein of RGMoV has deletions in regions that are
conserved in the other sobemoviruses for which structures are
known. We have determined the structure of RGMoV to
provide a better understanding of sobemovirus particle stability
and assembly.
Results
Quality of the model
The electron density map resulting from the 60-fold non-
crystallographic averaging was continuous throughout the
main chain of all the three subunits. The interpretation of the
density of the side chains was predominantly straightforward.
The model could be built for most of the structure except for the
disordered N-terminal parts. Residues 1–27 are not visible in
the C subunit, whereas amino acids 1–57 and 1–56 are
disordered in subunits A and B, respectively. The mapping of
individual residue positions was easy with the CfMV structure
used as an initial model.
The model of the icosahedral asymmetric unit consists of 565
amino acid residues. The R factor is 0.294 for the 569,869
reflections between 35 and 2.9 Å used in the refinement. The
Rfree is very similar to the R value due to the noncrystallographic
symmetry (Kleywegt and Brunger, 1996). All the measured
reflections were used in the refinement. One possible reason for
the high R factor may be the generally weak reflections, in
particular, at high resolution. The overall quality of the structure
as judged by the Ramachandran plot showed less than 2.8%
residues in disallowed regions using the strict criterion of
Kleywegt and Jones (1996). The RMSD of bond lengths
(0.01 Å) and bond angles (1.5°) shows tight restraints during
refinement, which is proper for 2.9 Å resolution. The coordinates
have been deposited in the Protein Data Bank (entry 2IZW).
Coat protein fold and capsid structure
The monomers of the RGMoV coat protein have a jellyroll
β-sandwich topology, common to most nonenveloped icosahe-dral viruses. Fig. 1a shows a cartoon representation of the
RGMoV subunit with the secondary structure annotation. The
secondary structure elements are named according to the
sobemovirus convention—β strands are denoted A to I and
helices A to F. The interconnecting loops are named according
to the adjacent β strands. The two β strands A1 and A2 are
visible only in the C subunit. Some of the loops of the jellyroll
β-sandwich proteins contain short helices. Three of them (A1
and A2 in the CD loop and B in the EF loop) can be found in
most jellyroll viral coat proteins, whereas the C helix in the FG
loop has been found only in sobemoviruses and TNV (Fig. 1b).
RGMoV is unique among the sobemoviruses of known
sequence in lacking this helix.
Table 1 shows the rms deviations of the Cα atoms among
asymmetric units of different sobemoviruses and TNV after
superposition. The coat protein of RGMoV appears to be
slightly more similar to the coat protein of TNV than to the
sobemoviruses. The main differences among the individual
sobemoviruses and TNV are located in the loop regions. The
regions in which the TNV protein backbone fold is more similar
to RGMoV than to the other sobemoviruses are the BC, EF and
GH loops.
The overall shape of the RGMoV virion is close to the
rhombic triacontahedron with pentamers emanating distinc-
tively at the fivefold, shallow clefts around the twofold, and
small protrusions at the threefold icosahedral symmetry axis.
Differences between the individual subunits are with the
exception of the N-terminal arm relatively small. The rms
deviation between Cα atoms of the subunits A and B is 0.54 for
178 residues. The difference between the A and C is even lower
(0.51/175). Slightly larger deviations (0.70/175) are observed in
the comparison of the B and C subunits. The differences
between the subunits are located in the loop regions. For
example, the B and C subunits differ in the area around the G1
strand and in the nine C-terminal residues, where the fold of the
A subunit is closer to the C subunit. The differences in the
subunit conformation reflect the different environments in the
quasi-equivalent positions.
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An empty calcium ion binding site
Calcium ions participate in the stabilization of virion
architecture in many viruses. The interactions of coat proteins
within the icosahedral asymmetric unit of sobemoviruses as
well as tombusviruses involve metal-mediated carboxyl
clusters.
Removal of the bivalent cations at neutral or basic pH causes
expansion of the particles by approximately 7% and partial
disruption of some of them. Particle swelling was observed in
TBSV (Robinson and Harrison, 1982), Cowpea chlorotic
mottle virus (CCMV) (Adolph, 1975), RYMV (Hull, 1977)
and SCPMV (Hsu et al., 1976). The reason for the structural
change is probably the repelling force of the acidic side chains
that are no longer involved in metal binding. The swollen
particles can be easily dissociated by increasing the ionic
strength of the solution (Adolph and Butler, 1974). The swelling
of particles is considered to be the first step in an infection-
connected disassembly utilizing the low calcium ion concentra-
tion in the cell.
The calcium binding sites in sobemoviruses are located
9–11 Å from the quasi-threefold symmetry axis (Fig. 1d). These
clusters involve the side chain oxygen of two aspartate and one
asparagine residues, one carbonyl oxygen and the C-terminal
carboxyl group. The calcium ion forms five coordination bonds
to oxygen atoms of the capsid protein and possibly a furtherFig. 2. Structure-based alignment of the coat protein sequences of the five sobemovir
letters represent residues involved in calcium binding. The light grey blocks represen
prepared using the program Swiss-PdbViewer (Guex and Peitsch, 1997) with somehydrogen bond to a water molecule. The residues involved in
calcium binding are conserved in the RGMoV coat protein
sequence and the local protein fold resembles other sobemo-
viruses. In RGMoV, the calcium ion clusters would involve the
side chain oxygen of Asp 139, Asp142 and Asn 234, the
carbonyl oxygen of Ser184 and the C-terminal oxygen of the
coat protein—Gln 235.
We could not identify any density for calcium ions in the
proximity of residues Asp 139 and Asp 142 (Fig. 1e). The likely
reason for the absence of the calcium is the low pH (3.0) of the
crystallization buffer. The side chains of the aspartates 139 and
142 are not charged under these conditions, and thus, the
presence of the calcium ion is not required to counteract their
repelling effect that otherwise would destabilize the capsid
structure. There is no evidence of particle swelling in the
structure. The crystallization buffer used for CfMV had a pH of
3.3 and the pH was lower than 4 in the case of RYMV, but
unambiguous density for the metal ion was observed in both
cases. Nevertheless, bivalent cations are necessary for RGMoV
particle stability at neutral pH, since particles disassemble in
solution of high ionic strength (0.6 M NaCl) containing 0.03 M
EDTA at pH 7.0 (data not shown). It was possible to obtain the
diffraction quality crystals of RGMoV only at the low pH.
The structure-based alignment of the C subunits of the coat
protein sequences of the sobemoviruses RGMoV, CfMV,
SCPMV, SeMV, RYMV, the necrovirus TNV and tymovirus
Turnip yellow mosaic virus (TYMV) (Canady et al., 1996) is
shown in Fig. 2. Disordered residues were not used in theuses, TNVand TYMV. Bold letters represent conserved residues and underlined
t β strands and the dark grey blocks represent the α-helices. The alignment was
manual adjustments.
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protein of sobemoviruses and TNV (underlined bold letters in
the alignment). Among the conserved residues, Asp 139, 142
and Asn 234 are involved in binding of the calcium ions. Of the
five other invariant amino acid residues, two are prolines and
two glycines, suggesting that these residues are important for
the backbone conformation. The remaining conserved amino
acid residue is a methionine, which is located in the E strand.
The side chain of this methionine fills a hydrophobic pocket in
the core of the coat protein, and thus, has a structural function in
the same way as the other conserved amino acids.
RNA density in the RGMoV capsid
There are several sources of information on the genome
arrangement in small T=3 viruses. In sobemoviruses it has been
studied by low-angle electron scattering, cryoelectron micro-
scopy and X-ray crystallography. Despite these methods
supplying interconsistent complementary information, a precise
determination of the RNA organization within particles has not
yet been achieved. The low-angle neutron scattering of SCPMV
supports a model where the genome is localized in three
concentric shells of radii 30–55, 55–85 and 85–110 Å
containing mostly RNA and about 15% protein, probably the
disordered N-termini of all subunits (Kruse et al., 1982).
Cryoelectron microscopy of RYMV and SCPMV virions
revealed two internal layers of density that were attributed to
partially ordered genomic RNA. The icosahedral symmetry of
the capsid imposes icosahedral ordering on some portions of the
RNA (Qu et al., 2000).
In the case of some plant T=3 RNA viruses–Bean-pod
mottle virus (Chen et al., 1989), CCMV (Speir et al., 1995) and
TYMV (Canady et al., 1996)–X-ray crystallography revealed
that some parts of the genome were ordered. In these viruses,
interaction of ordered amino acids with putative RNA bases was
observed. The interaction could be of ionic origin involving
lysine and arginine residues or based on stacking interactions
with aromatic amino acid side chains. The crystal structures of
sobemoviruses, as well as members of the Tombusviridae
family, have shown only traces of the RNA.Table 2
Buried surface area comparison
Virus Buried surface area in 1000 Å2 of subunits related by the icosahedra
T=3 icosahedral numbering
q3 q3 q3 5 q2 q6 2
A1B1 B1C1 A1C1 A1A2 A2B1 B1C2 C
RGMoV 1.9 1.8 1.8 1.6 1.7 2.0 1.
SeMV 1.9 1.8 1.9 2.0 0.9 2.2 1.
SCPMV 2.1 2.1 2.1 2.0 1.2 2.3 1.
TNV 1.7 1.8 1.7 2.0 1.0 2.8 1.
CFMV 1.7 2.5 1.1 2.0 1.2 2.0 3.
RYMV 1.8 2.7 1.8 1.8 1.2 1.7 3.
TYMV 1.3 2.1 1.6 1.6 1.6 2.5 1.
Note. See Fig. 3i for the scheme of the standard T=3 icosahedral numbering.
⁎ Other interfaces include mainly interactions of the N-termini of the C subunits.There is only little density in the RGMoV map not
corresponding to the polypeptide chains of the A, B and C
subunits. Density belonging to putative RNA bases could be
identified in several places stacked to side chains of aromatic
amino acids exposed to the interior of virus capsid. An example
illustrating electron density of two putative bases adjacent to
tyrosine B115 is shown in Fig. 1f. This area reveals clear
molecular boundaries of putative bases that are separate from
density belonging to the capsid protein. The cytosine dinucleo-
tide was fitted into the density to demonstrate proper distances
for a stacking interaction between the bases and the tyrosine.
The position of the nucleotides was not refined and they were
not included into the model because most likely different bases
occupy corresponding symmetry-related sites in the particle and
became averaged by the random particle orientation in the
crystal. Similar electron density for putative bases stacking to
aromatic residues, although in different positions, has been
observed earlier in CfMV (Tars et al., 2003).
Buried surface area comparison
The structured polymorphism of the T=3 sobemovirus
capsid results in the same protein subunits being found in
distinct structural environments within the particles generating a
number of quasi-equivalent but different intersubunit interfaces.
Table 2 shows the buried surface areas of respective intersubunit
contacts of sobemoviruses, TNVand TYMV. The buried surface
areas cannot be directly converted into binding energies, but
they provide some information on the relative importance of the
particular intersubunit contact in the architecture of a given
virus.
All the analysed viruses have a total buried area correspon-
ding to the contacts formed within and by a single asymmetric
unit of 14,000–17,000 Å2. The two highest values belong to
CfMV and RYMV. These viruses have a different arrangement
of the N-terminus of the C subunit than the remaining
sobemoviruses and TNV, resulting in extended B1C1 and
C1C6 interfaces. The C subunits form 40–50% of the
intersubunit contacts. The C subunits form 41% of the contacts
even in the TYMV capsid, where both the B and C subunitsl symmetry axis/named according to the standard Fraction of total buried
surface area by subunit
q6 3 Other ⁎ Total A B C
1C6 B1C6 C2C6
1 2.3 1.6 15.8 27% 31% 42%
5 1.9 0.8 14.9 29% 29% 42%
4 1.9 0.8 15.9 30% 30% 40%
7 1.8 1.0 15.5 27% 29% 44%
4 1.4 1.8 17.1 23% 27% 49%
0 0.9 1.4 16.3 26% 27% 48%
7 2.4 14.8 26% 33% 41%
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have identical structure within the 3 Å resolution of the model.
The relatively smaller FG loop of RGMoV results in a
corresponding reduction of the area of the pentameric A1A2
and quasi-hexameric B1C2 interfaces. The contacts at A2B1,
B1C6 and C1C16 are expanded making the pattern of
intersubunit contacts areas of RGMoV more similar to
TYMV than to other sobemoviruses. The apparent reason is
the difference in the size of the FG loop of RGMoVand TYMV
to other sobemoviruses and TNV. The important differences of
RGMoV compared to SeMV, which was chosen as a
representative of other sobemoviruses based on the highest
sequence similarity to RGMoV, are summarized in Table 3 and
discussed in detail below.
Quasi-threefold contacts
The sobemovirus capsids have small protrusions around the
quasi-threefold axis, formed by the E1 and E2 helices in the GH
loops of all the three subunits. These protrusions form part of
the intersubunit contact interface. The size of the protrusions
differs among sobemoviruses. The biggest protrusions together
with the longest helices can be found in SeMV and SCPMV,
which have both the E1 and E2 helices. RGMoV, CfMV and
RYMV lack the E1 helix. The GH loop of RGMoV is missing
eight residues in comparison to SeMV, which makes it the
smallest among the so far structurally studied sobemoviruses.
The top of the E2 helix in RGMoV is closer to the quasi-
threefold symmetry axis and the whole helix is not protruding as
far out from the particle as in SeMV (Figs. 3h and k). The
reduced size of the GH loop in RGMoV coat protein results in
the change of the relative subunit position in comparison to
other sobemoviruses (Fig. 4c). The individual subunits of
RGMoV are tilted 4° toward the quasi-threefold axis inTable 3
Main structural differences between RGMoV and SeMV coat proteins
Structural element Interface
(Fig. 3i)
Structural function
SeMV R
GH-loop
(E1 and E2 helix)
A1B1, B1C1,
A1C1
Parallel interaction of the
E2 helices (Fig. 3k)
M
o
FG-loop (C-helix) A1A2 The C-helix is part of the
A1A2 interface (Fig. 3d)
T
in
fi
fr
B1C6 The residues from the
C-helix form hydrogen
bonds to the β-annulus
(Fig. 3e)
N
su
th
N-terminus of the
A and B subunits
A2B1 The N-termini and B
strands of the A2 and B1
subunits do not form any
interactions (Fig. 3j)
R
β
m
N-terminal arm of
the C subunit
C2C6 Three hydrogen bonds
between the A1 and A2
strands (Fig. 3f)
E
Acomparison to SeMV (Fig. 4d). The relative tilt of the SeMV
and SCPMV subunits is less than 1°. The shift in the relative
subunit positions within the asymmetric unit induces changes in
interactions between asymmetric units and contributes to the
reduced particle size of the RGMoV as discussed in the next
sections.
Deletion of the FG loop
An especially notable feature of RGMoV coat protein is the
16 amino acid deletion in comparison to SeMV in the FG-loop
resulting in a complete absence of the C helix. The FG loop
forms part of the A1A2, B1C2 and B1C6 quasi-equivalent
interfaces in other sobemoviruses. The FG loop is involved in
contacts with the F strand and the FG loop of the other subunit
in the A1A2 (Fig. 3d) and B1C2 (not shown) interfaces. The
region of the coat protein which is covered by the FG loop in
other sobemoviruses becomes exposed to the interior of the
RGMoV particle. The area of the missing C helix is partly filled
by long side chains of residues from the D and I strands of the
A1 subunit and Trp159 from the F strand of the A2 subunit at
the A1A2 interface (Fig. 3a). The side chains do not form any
interactions between the subunits and there are no extra contacts
between the A1–A2 and B1–C2 RGMoV subunits to replace
those of the full-size FG loop. The B1C2 interface is more open
because of the flatter contacts around the threefold axis, but the
residues mentioned at the A1A2 interface fulfill the same
function in both of them.
The interface between the asymmetric units 1 and 2 consists
of the contacts between subunits A1–A2, A2–B1, and B1–C2.
The A2B1 interface is relatively enlarged in RGMoV (Table 2),
most probably to compensate for the limited contacts in the
other parts of the interface between subunits 1 and 2, which in
other sobemoviruses involve the FG loop. The A2B1 interfaceEffect of the difference
on the RGMoV capsid
GMoV
issing E1 helix, limited interaction
f the E2 helices (Fig. 3h)
All the RGMoV subunits are
tilted 4° toward the centre of the
asymmetric unit in comparison
to SeMV (Fig. 4d)
he volume taken by the FG loop
other sobemoviruses is partly
lled by side chains of residues
om neighbouring regions (Fig. 3a)
Reduced contacts around the
icosahedral fivefold axis (Table 2)
o extra interactions of the C6
bunit with the A2 strand to replace
ose of the missing C-helix (Fig. 3b)
FG-loop does not contribute to
the stability of the β-annulus
esidues from the N-termini and
-strands of the A2 and B1 subunits
ake several contacts (Fig. 3g)
The enlarged A2B1 interfaces
compensates for the reduced
interactions at the A1A2 and
B1C2 interfaces (Table 2, Fig. 3i)
ight hydrogen bonds between the
1 and A2 strands (Fig. 3c)
Extended contacts of the N-termini
of the C subunits is probably
required for the stability of the
β-annulus
Fig. 3. Differences in the intersubunit interactions of RGMoVand SeMV. (a,d) Comparison of the interaction of the A subunits around the icosahedral fivefold axis of
RGMoV (a) and SeMV (d). Side chains of RGMoV residues that are oriented toward the space occupied by the FG loop in SeMVare shown as sticks. (b,e) Interaction
of the A1A2 sheet of RGMoV (b) and SeMV (e) with other parts of the capsid. In SeMV the C helix within the FG loop interacts with the A1A2 sheet and the following
loop region. The A1 strand shown in dark green is from a threefold related C2 subunit. Residues forming hydrogen bonds are shown as sticks. (c,f) The interaction
between the A1 and A2 strands of RGMoV (c) and SeMV (f) C2 (dark green) and C6 (green) subunits. (g,j) The interface between the A2 (orange) and B1 (blue)
subunits of RGMoV (g) and SeMV (j). The side chains of the residues forming the hydrogen bonds between the RGMoV subunits are shown. In SeMV the residues
from the B strands are too far from each other to form any interaction. (h,k) Comparison of the interaction between the E2 helices of the quasi-threefold related subunits
A (red) and B (blue) of RGMoV (h) and SeMV (k). (i,l) Subunit annotation and schematic chart of the displayed interfaces of RGMoV (i) and SeMV (l). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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strands and the orderedN-termini of the subunits (Figs. 3g and j).
There are four extra residues at the N-terminus of the A subunit
and five of the B subunit that are visible in the RGMoV density
in comparison to SeMV (Figs. 3g, j). The asymmetric units 1
and 2 of RGMoV meet at an angle 42°, which is similar to 38°
in SeMV and other sobemoviruses (Fig. 4a).
The RGMoV β-annulus formed by the extended N-termini
of the C subunits is part of the B1C6 interface, making thesubunit interactions different from the quasi-equivalent A1A2
and B1C2 contacts. The FG loop participates in stabilization of
the β-annulus at the B1C6 interface in other sobemoviruses. In
SeMV the residues from the A2 strand and the immediately
following loop region of the C6 subunit interact with the C helix
within the FG-loop of the same subunit (Fig. 3e). The A1A2
sheet is further stabilized by two hydrogen bonds to the F strand
of the B1 subunit. The residues, which partly fill the area of the
C helix at the quasi-similar A1A2 and B1C2 RGMoV contacts,
Fig. 4. Differences in the relative subunit and asymmetric unit positions between RGMoVand SeMV. (a) Comparison of the angle between asymmetric units 1 and 2
related by the icosahedral quasi-twofold symmetry axis of SeMV (black) and RGMoV (grey). The Cα atoms of the asymmetric units 1 of SeMVand RGMoV were
superimposed. (b) Comparison of the angle between asymmetric units 1 and 6 related by the icosahedral twofold symmetry axis of SeMV (black) and RGMoV (grey).
The Cα atoms of the asymmetric units 1 of SeMV and RGMoV were superimposed. (c) Relative tilt between the subunits B and C of SeMV (black) and RGMoV
(grey). The Cα atoms of the subunits C of SeMVand RGMoVwere superimposed. (d) Scheme of the relative tilt of the subunits of RGMoV (dotted line) in comparison
to SeMV (solid line). All the three RGMoV subunits are tilted 4° toward the centre of the asymmetric unit in comparison to SeMV. The numeric values of the angles
between the asymmetric units (subunits) were calculated as described in the Materials and methods section.
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position of the C helix (as the Trp159 shown in the Fig. 3b) and
do not interact with the N-terminus of the C subunit. Instead
there is one extra hydrogen bond connecting the A2 strand of
the C6 subunit to the FG-loop of the B1 subunit (Fig. 3b) and
the extended interaction of the A1 and A2 strands in the
RGMoV structure (Figs. 3c and f). The A1 strand faces the inner
side of the particle and is extensively hydrogen bonded to the
A2 strand of a threefold related subunit (Fig. 3c). Because the
A1 strand does not interact with any other part of the capsid, its
main role is probably in stabilization of the β-annulus. The
ordered part of the N-terminal arm of the C subunit in the
RGMoV structure is longer than in other sobemoviruses. There
are six extra residues that could be modelled into the electron
density of the C subunit in comparison to SeMV and SCPMV.
The length of the β-sheet formed in the β-annulus is nine amino
acids in RGMoV, while it is only five residues in all other
sobemoviruses and TNV. The additional length of the sheet
enlarges the binding interface (Table 2; C2C6 interface) and the
number of hydrogen bonds between the A1 and A2 strands isincreased from three in SeMV to eight in RGMoV (Figs. 3c
and f).
A difference between the RGMoV and other sobemo-
viruses can be observed in the angle between the asymmetric
units 1 and 6. In all the sobemoviruses, the interface is bent
into the particle. In this respect, the sobemovirus virions differ
from the ideal shape of the rhombic triacontahedron (angle
0°). The angle is only 3° for the SeMV, but 12° for RGMoV
(Fig. 4b). The relative increase of the angle is a consequence
of a combination of the shifted subunit position within the
asymmetric unit and the altered interactions between the
asymmetric units related by the icosahedral twofold symmetry
axis.
Virion size
The icosahedral symmetry and higher T numbers enable
viruses to increase the volume of the virion cavity without
spending too much of the space available for the genome on the
coat protein coding sequence. Table 4 shows some of the capsid
Table 4
Comparison of the particle volume and genome content of single-stranded RNA viruses
Virus PDB ID Particle Fraction of particle volume taken by Genome
Radius (Å) Volume (106 Å3) FG loops Disordered regions Size (nt) RNA concentration (mg/ml)
RGMoV 2IZW 125 4.9 0% 19% 4212 478
CfMV 1NG0 128 5.1 5% 19% 4082 438
RYMV 1F2N 128 5.3 4% 16% 4451 459
SCPMV 4SBV 129 5.1 6% 21% 4194 451
SeMV 1SMV 128 5.2 6% 21% 4149 438
TNV 1TNV 127 4.5 5% 30% 3762 461
TYMV 1AUY 126 5.8 0% 3% 6318 595
MS2 2B2G 119 5.4 n.a. n.a. 3600 367
CCMV 1CWP 115 2.0 n.a. 26% 3200 870
Pariacoto 1F8V 131 3.6 n.a. 19% 4322 662
Norwalk 1IHM 157 7.4 n.a. 6% 7654 567
STMV 1A34 66 6.6 n.a. 13% 1058 878
Poliovirus 1HXS 129 5.0 n.a. 3% 7440 814
Note. Part of the coat protein of all viruses except MS2 is not visible in the crystal structure and is located inside of the particle. Volume of the disordered polypeptide
chain was estimated and included in the calculations. Values were calculated as described in the Materials and methods section.
n.a.—not applicable.
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Sobemoviruses form quite a homogenous group considering
the particle and genome size. However, RGMoV has about 3%
smaller particle diameter than other sobemoviruses.
The important structural differences of RGMoV in compa-
rison to other sobemoviruses contribute to the relatively smaller
particle diameter of the RGMoV. The reduction of the GH loop
results in relative tilting of the subunits toward the quasi-
threefold axis and, together with the absence of the C helix in
the FG loop, results in the 12° bending of the interface between
the asymmetric units related by the icosahedral twofold
symmetry axis into the particle. The relative increase of the
tilt between the twofold related icosahedral asymmetric units in
comparison to other sobemoviruses is the structural reason for
the relative reduction of the RGMoV particle size. The extended
contacts of the N-termini of the C subunits in RGMoV are
probably necessary to compensate for the missing contacts of
the β-annulus with the FG loop.
The FG loops in other sobemoviruses occupy, on average,
5% of the virion volume. The decreased diameter and the
missing FG loop in RGMoV have an opposing effect on the
size of the space available for genome storage. Overall, the size
of the RGMoV virion cavity is 7% smaller than in other
sobemoviruses. Nevertheless, the RNA packing density of
480 mg/ml is similar to other sobemoviruses and TNV. On
average, 20% of the sobemovirus particle cavity is taken by the
disordered N-terminal parts of the coat proteins. It is very likely
that the flexible arms do not impose any additional restraints on
RNA packing. If the volume taken by the N-termini is
considered available for genome storage, then the average
RNA packing density in sobemoviruses would be 370 mg/ml.
The genome packing density varies significantly among
different families of small single-stranded RNA viruses as
demonstrated by a few examples shown in Table 4. Bromo-
viruses represented by CCMV, picornaviruses (poliovirus) and
Satellite tobacco mosaic virus (STMV) have almost double
RNA packing density than sobemoviruses. Caliciviruses (Nor-walk virus), nodaviruses (pariacoto virus) and leviviruses have
similar RNA density within particles as sobemoviruses. It is not
clear whether the differences in the RNA packing density
between the virus families can be attributed to a distinct type of
RNA packing or if the viruses with lower RNA density simply
have more space between the secondary structure elements of
RNA. The genome packing represents an interesting field for
further study.
Materials and methods
Virus production, purification and sequence verification
RGMoV (MAFF No. 307043) was received from the MAFF
Genebank at the National Institute of Agrobiological Sciences,
Japan. Oat plants cv. “Jaak”were mechanically inoculated at the
2–3 leaves growth stage and cultivated for 4 weeks at
temperatures fluctuating between 21 and 23 °C under natural
and artificial light 17 h/day.
For virus purification, harvested plants were homogenized in
5 volumes of 15 mM potassium phosphate buffer (pH 5.5) and
filtered to remove the plant debris. The filtrate was extracted
with 0.4 volumes of chloroform and centrifuged at 3000×g for
20 min. Solid ammonium sulphate was added stepwise to the
resulting solution for a final concentration of 30%. The
precipitate was collected by centrifugation, solubilized in
distilled water to 1/10 of the original volume, and dialysed
against 200 volumes of distilled water.
Virus particles were collected by 1 h centrifugation at
280,000×g. The virus pellet was resuspended in 15 mM
potassium phosphate buffer (pH 5.5) and centrifuged 1 h at
280,000×g through a 20% sucrose cushion. After three repeats
of sucrose cushion steps the virus particles were resuspended in
15 mM potassium phosphate buffer (pH 5.5) to the final
concentration of approximately 15 mg/ml.
RGMoV RNAwas isolated using TRI-reagent (Sigma, Saint
Louis, MO, USA) according to manufacturer's protocol. The
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transcriptase reaction and amplified by Pfu DNA polymerase
using two primers for RGMoV coat protein gene. RGMoV coat
protein cDNA PCR product was cloned into plasmid pTZ57 and
isolated plasmid DNA was sequenced in both directions using
M13 direct and reverse primers. The sequence data have been
submitted to the Genbank nucleotide sequence database and
have been assigned the accession number EF091714.
Crystallization and data collection
Crystals of RGMoV were obtained using the hanging drop
technique with a bottom solution containing: 300 mM Li2SO4,
50 mM Na–citrate at pH 3.0, 1% PEG 8000. The drops were
prepared by mixing 1.5 μl of bottom solution with an equal
volume of virus solution (8 mg/ml). Block-shaped crystals
formed within 7–10 days. For data collection, crystals of size up
to 0.2 mm were soaked for 30–90 s in mother liquor containing
30% PEG 4000 and immediately frozen in liquid nitrogen. Data
were collected from a single crystal at 100 K on the ADSC
Quantum4 CCD detector at beamline ID 14-1 at the ESRF
synchrotron radiation source in Grenoble, France. An oscilla-
tion range of 0.2° was used during data collection. The crystal
diffracted to 2.9 Å resolution. Data were processed and scaled
using the programs Denzo and Scalepack from the HKL
package (Otwinowski and Minor, 1996). The statistics from
data collection and scaling is shown in Table 5.
Structure determination
The RGMoV crystals were of space group P21. A complete
virus particle occupied a crystallographic asymmetric unit.
Therefore, three parameters for the particle orientation and two
for the position of the particle centre had to be determined. The
locked self-rotation function in the program GLRF was used to
identify the particle orientation (Tong and Rossmann, 1997).
Reflections between 7 and 2.9 Å were used for the calculations.
The radius of integration was set to 280 Å. The results
suggested that the model particle needs to be rotated φ=3.3°,
ϕ=57.6°, κ=146.7° from the standard icosahedral orientationTable 5
Scaling statistics
Space group P21
Unit cell dimensions (Å)
a 277.64
b 298.72
c 392.49
β (°) 92.74
Resolution limits (Å) 35–2.9
High-resolution bin (Å) 2.95–2.90
Completeness (%) 40 (19)
Rmerge ⁎ 0.12 (0.63)
I/σ 5.30 (0.82)
N reflections 569,869 (37,205)
Redundancy 1.5 (1.0)
Note. Numbers in parentheses are for the highest resolution shell.
⁎ Rmerge=ΣhΣj|Ihj−bIhN|/ΣΣIhj.according to the polar angle convention. Translation parameters
could be identified in the native Patterson function since one of
icosahedral twofold symmetry axis is almost parallel to the
crystallographic twofold screw axis. A clear peak appeared at
fractional coordinates 0.569 1/2 0.499, defining the position of
the particle centre at x=64.7 Å, z=98.0 Å. The model of CfMV
(PDB entry 1NG0) was used for the molecular replacement. The
model was placed into the approximate orientation and position
in the unit cell and an initial low-resolution electron density map
was calculated suggesting that the particle has a slightly smaller
radius than the model. The model was moved manually toward
the particle centre and subjected to rigid body refinement in
CNS (Brünger et al., 1998). The total shift of the model was
3.5 Å. The new model was used to calculate phases to 10 Å
resolution in CNS. The phases were refined by 25 cycles of
averaging by the program AVE (Kleywegt and Read, 1997),
using the 60-fold noncrystallographic symmetry. Phase exten-
sion was applied in order to obtain phases for higher resolution
reflections. Addition of a small fraction of higher resolution data
(one index at a time) was followed by 5 cycles of averaging.
This procedure was repeated until phases were obtained for all
the reflections to 2.9 Å resolution.
The model was built using the program O (Jones et al.,
1990), starting from the CfMV coordinates where the respective
residues were mutated to those of RGMoV. The model was
refined by manual rebuilding alternating with coordinate
refinement in the program CNS (simulated annealing, gradient
minimization, individual b-factor refinement). Other calcula-
tions were done using CCP4 (1994). No water molecules were
added to the model.
Calculation of the particle radius and volume
The particle radius was defined as a distance of the centre of
mass of the asymmetric unit from the centre of the particle.
Equivalent asymmetric units were chosen for all the viruses.
A single PDB file containing coordinates for the whole virus
particle was generated for each virus. The volume of the particle
was then calculated with the use of the program MAMA
(Kleywegt and Jones, 1999). Two masks were generated: the
first covering the protein shell and the second one covering the
whole particle including the internal virion cavity. The difference
of the two volumes defined the size of the particle cavity. The
extra volume of the FG loops in comparison to RGMoV was
calculated using the programVoidoo (Kleywegt and Jones, 1994).
The volume of the disordered regions of the coat protein subunits
was estimated using the Peptide property calculator (http://www.
basic.northwestern.edu/biotools/proteincalc.html). Volumes of
individual residues used in the calculation were based on the
work of Harpaz et al. (1994).
Calculation of the relative tilt of the subunits in the
asymmetric unit
The models of whole asymmetric units of RGMoV and
SeMV were superimposed in the program O. The quasi-
threefold symmetry axes of RGMoVand SeMV were compared
374 P. Plevka et al. / Virology 369 (2007) 364–374and found to be almost identical. Reference “atoms” QA, QB,
QC at the centre of mass of the respective RGMoV subunits and
P at the centre of mass of the RGMoV asymmetric unit were
added to the coordinates of SeMV. Then the A subunit of SeMV
model was superimposed on the A subunit of RGMoV. New
coordinates of the reference atoms P (PA2) and QA (QA2) were
noted. The angle between the vectors PQA and PA2QA2 gives
the relative tilt of the RGMoVand SeMVA subunits. The angle
between the quasi-threefold axis and a plane defined by point P
and vectors PQ and PA2QA2 was calculated and found to be
smaller than 5°, which means that the tilting of the subunit is
directed predominantly toward the quasi-threefold axis. The
procedure was repeated for the B and C subunits. An identical
comparison of SCPMV and SeMV was carried out.
Calculation of the angles at the interface between
asymmetric units
Coordinates of the asymmetric units 1, 2 and 6 (according to
the standard T=3 quasi-icosahedral notation) were generated
(the N-terminus of the C subunit of the respective virus was
trimmed to the length of the A subunit). Centres of masses of
individual subunits were calculated and used to define the plane
of respective asymmetric unit. Angles between the planes
characterizing asymmetric units (1 and 6) and (1 and 2) were
calculated.
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